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Lee Smolin
after the lecture on LQG by Jerzy Lewandowski

The canonical LOOPS 13 = p
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Plan of the talk

The tools provided by LQG: the Hilbert spaces, quantum
representations, infinity free regularizations of quantum operators of
geometry, of the constraints, of the matter hamiltonians, the habitat...
Pure GR:

# anew scheme,
& anew('®(r)

GR coupled to a real scalar field:

# normalizable solutions to the quantum constraints

» accomodating all the cases:
= U,
— ”»
> ¢ adbq"q,
T < @ qt :';,q”!':f_

& observables
» Outlook
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The holonomy-flux variables Lie algebra

Eg ="2[f E} €apcdX°A dx°
S

A = Pexp(-[A)

{Ae»Ef.,f }m¥s Apf
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Cylindrical functions, cylindrical consistency

Quantum states:

P(4) = 4'1,-'1,!......‘(” -

= f'!{x'l,f[......\,f )

N"

with some graphs I' = {¢,....}, and respectively 1"
-

—d .

...} embedded in

Cylindrically consistent measures define [ (A

/ f':l’,H]' — / {_"c{jn”l-, —
JSTE2)P -Hl'a'._’jn"’

Hoe = L3(dp)

Cylindrically consistent operators define OW:

L)]"["i ();r‘{.ll

'
'II o seea d

example: Eg pW(A) = 2{ W(A). Eg )
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The holonomy-flux variables Lie algebra

Eg,="2[f E} gpdX°A dx°
S

A, = Pexp(-JA)

{AwEf.,f }=% An‘f
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Cylindrical functions, cylindrical consistency

Quantum states:

U(A) = Y(Aeys i de,) = V(A der,)
with some graphs I' = {¢;....}, and respectively I = {¢|....} embedded in
o

Cylindrically consistent measures define [ /(.1

/ f':f}f]' — / {"c/;fi-, —»
JSLTE2YP -Hl'a'._’jn"’

Hoe = L%(dp)

-

Cylindrically consistent operators define OW:

Ort(Aey,s ..., Ae,, Ohp(A

'
- (.I..--..

example: Eg pW(A) = 2{ W(A). FEg )
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Cylindrical functions, cylindrical consistency

Quantum states:

P(A) = 1'1,-'1,!......‘(” -

'!" ' !
= 1 1‘\,1......\, )

N"

with some graphs I' = {¢,....}, and respectively 1"
-

—d .

{¢]....} embedded in

Cylindrically consistent measures define [ /(.1

/ f':l’,H]' — / {_"e{jn”l-, —
JSLH2¥P -Hl'a'._’jn"’

Hoe = L3(dp)

Cylindrically consistent operators define OW:

Ort(Aeyy .. Ae,) = Opp(A

— '
- (.I..--..

example: Eg pW(A) = 2{ W(A). Eg )
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The unique state
The quantum *-algebra (abstract), defined by:

U‘;*l,‘} /f,q_;‘ — 121;..-"-_ ]: —_— ’_h[}

and the natural relations satisfied by g/,
admits a unique Diff(\/) invariant state

y o Ay An - R .
il ‘lf C """11’;:;'?! I‘l""l-"‘.""‘l‘\‘lm.f;l =

31 €1

It is defined as follows:

w(...Egr) = 0, W(f(Aeysonns Ae,)) i= /.]'[.-lJr//r{.l].

® {Esy¢ Esi g} # 0

# diffeo covariant representations of the QHF algebra which do not

admit a diffeo invariant state?
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The unique state
The quantum *-algebra (abstract), defined by:

A — Af. Esy — Esy. {1} — E[}

and the natural relations satisfied by L/,
admits a unique Diff(\/) invariant state

3 "] "'H " R (|
L l.f L "“"11’;:,"‘! I‘l""l-"“.""‘l‘\‘lm..f‘n =

31 €1

It is defined as follows:

w(...Egyr) = 0, W(f(Aeys.evy A, )) 1= /,/'(.-11:/;:{.1).

® {Ess Es g} # 0

» diffeo covariant representations of the QHF algebra which do not -
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The unique state
The quantum *-algebra (abstract), defined by:

Af—AB. Bsy — Esy {} = =l

and the natural relations satisfied by L/,
admits a unique Diff(\/) invariant state

y ‘] "':e ) L 1
e “'l ( """l!f,‘,’wlw“"l.f‘t"-“l“"u.-.f,. —

31 €1

It is defined as follows:

w(...EBgys) = 0, W(f(Aeys.eny Ae,)) 1= /,/'(.-lar/;:{.l).

® {Ess Es g} # 0

# diffeo covariant representations of the QHF algebra which do not

admit a diffeo invariant state?
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The Ashtekar’s canonical gravity

® The canonicaly conjugate coordinate and momentum variables
defined on a 3-manifold X.:

» (AL E®) a.b=1.2.3.i=1.2.3 - the gravitational field, the
Ashtekar-Barbero variables

® (7. 7)1 =1...-the matter fields

» N(t,z), Nt x) the laps and shift functions

® the constraints
» (% r):=(C8 +(C? = (0 scalar constraint
® ("°'(r) = 0 vector constraint - Diff(¥X) generators

s (' (1) =0 the Gauss contraint - the frame rotation

Gauss

generators

' Other matter constraints (for example the generators of the
Maxwell/Yang-Mills field gauge transformations)

® Dirac observables: (7 such that
: C)( "tot ]I — ”
restricted to the solutions to the constraints. No natural dynamics.
Extra input needed.
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The unique state
The quantum *-algebra (abstract), defined by:

Afj— A%, Esy — Esy. {1} — E[}

and the natural relations satisfied by L/,
admits a unique Diff(\/) invariant state

g Ay Ay - 7. ,
e ‘.f L """11’;:;'?! I‘lh"l-"“.""‘l“"lu.-.."n‘ =i

31 €1

It is defined as follows:

w(...Egys) = 0, W(f(Aeys.eny A, )) 1= /./'(.-lJr//:{.l].

® {Ess Es g} # 0

# diffeo covariant representations of the QHF algebra which do not

admit a diffeo invariant state?
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Infinity free regularization of quantum operators

O(E.AF) — ON)N(Eg, 4, Ae,, A, — (A1,)71)

. L')“\:](/'--H;-.f'f' A, Aty — (Af)7Y)

— limy (’)[’I\'}{[;‘_w,‘f';. Ae, Ay, — f.'if, )= 1)

=: O£, A, F)

The condition: the existence of the [imit, or of the dual limit:

—

Cdiff inv |OWN)(Es, 4, Ae,. A, — (A)"Y)| - )

the diffeomorphism covariance of the result.
Additional (Thiemann's) tricks: express —= by {. /"

A"

The advantage: no ¢, no -, no infnities, generalises to coupled matter:

O(A. /'.‘.H[. .-Tl'].
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Infinity free regularization of quantum operators

OE,AF) — ONNEg, 1, Ae,, A, = (A1,)™)

. L')“\:](/'--H;-.f'r Aoy Ay — (Ay,)™t)

— iy — (')["\:}{/‘.'_g,‘;-,. Ae;, Al — [.ri,r‘ )= 1)

=:0(& A, F)

The condition: the existence of the [imit, or of the dual limit:

—

Cdiff inv |OWN)(Eg, 4, Ae,. A, — (A)"Y)| - )

the diffeomorphism covariance of the result.
Additional (Thiemann's) tricks: express —= by {. /"

A"

The advantage: no ¢, no -, no infnities, generalises to coupled matter:

O(A, /'.1.H[. .-Tl'].
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Infinity free regularization of quantum operators

OE.A F) — (')*'l\"}(l:',s',__,r'f. Ae, A, — (A1)~

L L')“\:](/'--H;-.f'r Ae, Aty — (Ay)7Y)

— limNae @M (Es, gy, A, A1, — (Ar,)~1)

=08 A, F)

The condition: the existence of the limit, or of the dual limit:

—

Cdiff inv |OW)(Eg, 4, Ae,. A, — (Ar,)"Y)| + )

the diffeomorphism covariance of the result.
Additional (Thiemann’s) tricks: express - by {. /"]

A"

The advantage: no ¢, no -, no infnities, generalises to coupled matter:

O A. /'.‘.H[. .-Tl'].
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Quantum Geometry

A convenient generalised spin-network decomposition:

‘H.:r = @ 'Hur.l‘
-

Area.V =4nyyj (,+ 1V

y ‘ i
L
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Quantum Geometry

A convenient generalised spin-network decomposition:

‘Hur = @ 'Hur.l‘
-

Area.V =4nyRj, (i, + 11V

s ‘ )
4
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Pure GR: The YM gauge transformations

The Yang-Mills gauge transformations:
Ao — gletarget ]_l. . g(csource).,

Bor — Be,-ig,

The invariant elements in 'H,, are defined by the invariants of the product
of the representations p;, ... - p;, : the spin networks

Inv(VJ ®..9V )
1 Jg
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Quantum Geometry

A convenient generalised spin-network decomposition:

‘H.m- = @ 'Hur.l‘
-

Area.V =4y (,+ 1V

Y ‘ )
)
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Pure GR: The YM gauge transformations

The Yang-Mills gauge transformations:
A, — gletarget ]_l. 1, glesource),

IL.! — l':.-.,'.” lf'”

The invariant elements in ‘H,, are defined by the invariants of the product
of the representations p;, ... - p;, : the spin networks

Inv(VJ ®..0V)
1 Jg
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Pure GR: The Diff(} ) gauge transformations

®» Hyg - solutions to the diffeo constraint.
w: Diff () — ('(-Hg|')

The diffeomorphism averaging map (Ashteka

44 /

HAiff - ‘Hur " (‘.\'I — ('.\'l'

n(\W) = / :f,rr(r"]”‘lf'u(;J'.
J Diff

and a new, averaged scalar product
(n(P) (¥ ) aig = (n(P). ¥).

and the resulting Hilbert space H,. dif.

Habitat: the span of the states IV averaged with an extra weight factor
f which depends smoothly on location of the vertices of W in ¥,

10 R / di()” fU*u(p)* Cyl*
JDiff
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Pure GR: The YM gauge transformations

The Yang-Mills gauge transformations:
A, — gletarget ]_l. 1, glosource),

l"‘-“-'—f = ]"1-“"-” Lfg

The invariant elements in ‘H,, are defined by the invariants of the product
of the representations p;, ... - p;, : the spin networks

Inv(VJ ®..9V)
1 Jg
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Pure GR: The Diff(} ) gauge transformations

® H,g - solutions to the diffeo constraint.
u: Diff () — ('('Hg,-)

The diffeomorphism averaging map (Ashteka

454 /

HAiff - ‘Hur - ('.\'I — ('.\'l'

n(v) = / rf;r(r"]”‘l"u(r‘J'.
JDiff

and a new, averaged scalar product
(n(\W) |’l( P \aig = (n(P). (8%

and the resulting Hilbert space H,. dif.

Habitat: the span of the states IV averaged with an extra weight factor
f which depends smoothly on location of the vertices of W in ¥,

21 / du()” fU*u(p)* Cyl*
JDiff
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The tools provided by LQG

the kinematical Hilbert space for the geometric degrees of freedom
H,., the polymer Hilbert space of nhon-gauge fields, and the loop
Hilbert space of the gauge fields

the quantum operators of the geometry of ¥ and of the matter fields (
no divergences )

the quantum operators of the Gauss constraint and the Hilbert space
Hor.anss Of the invariants (the same with matter)

the unitary action of the diffeomorphism groups Diff(Y) and the
Hilbert spaces H,, 4iff Oof the invariant distributions (the same with

matter).

the quantum scalar constraint operators (' defined in 'H,, qif ( NO
divergences - the same with matter)

the quantum scalar constraint operators defined in ‘H,, within the
AQGR (and discretized matter) (Gie
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Quantum (' operator

Progress in understanding Thiemann'’s operator

—

® A new simpler proposal for the Lorentzian case:
# use Barbero’'s 1991 formula :

¥k pa b
Ck ]uhl‘f l‘)

v 4

C¥(r) = — (x) — 2/qR™ (x)

——

» construct the 3-Ricci scalar operator | /417(3) Alesci Ass
013 (see Assanoussi's talk).

——

®» The resulting ('wr(.r) contains terms adding / anihilating a loop, and
not changing a graph, similarly to the scalar constraint in the LQC
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Pure GR: The scalar constraint

® Starting point: the space of solutions ‘H,, auss.diff 10 the Gauss and
to the vector constraint.

B Pass the Gauss and diffeo invariant operators defined on the
kinematical H,, into Hyy Gauss.diff -

In ‘Har Gauss.dii consider the scalar constraint operator ', (.r).

Problem: we want to consider a self-adjoint operator, but any (', (.r)
will map us out of Hyy causs.diff | Possible ways out:

—

» define an operator [ /*,/—/qC"*" and look for the zero eigen
value subspace (Rovelli-Smolin, 1994 see later)

—

define an operator [ (3&“— "'j'f and look for the zero eigen value
/]
. v

subspace (Thiemann, 2003, the master constraint program)

New: define for each . a Hilbert space H,, ciauss.aif, iN Which a

self-adjoint operator ("*"(.r) can be well defined, solve therein
C8(x)¥, =0,

use the solutions W, to construct W € H,, Gauss.diff SUCh that

C'® ()P = 0 (see Domagala, Dziendzikowski, L 2012)
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Quantum (' operator

® Progress in understanding Thiemann'’s operator

—

® A new simpler proposal for the Lorentzian case:
# use Barbero’'s 1991 formula :

iJ ko pa b
{ v ]uhl‘." l‘)

v 4

C¥(a) = - (v) = 2GR ()

—

® COnSthICt the S'RiCCI Scalar Operator \I."._[‘/}J(:h ,‘"-\1.:-’:!1‘_‘-‘ A g
2013 (see Assanoussi's talk).

——

®» The resulting ('wr(.r) contains terms adding / anihilating a loop, and
not changing a graph, similarly to the scalar constraint in the LQC
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Gravity coupled to a potentialless scalar field
A. I - gravitational dof, o. 7 - a real scalar field
The scalar constraint can be solved:

m(r) =h(A(x). E(r)), where

for non-rotating dust
h(z) = C9"(x)

for massless scalar field

gr
]

— oy — 7 e\ D abs Bl 71
\,/\ qUE + g/ (CFT)° = q%°Caq Cy

m";( fr‘-:"( 'IL,“"

V-VACE — ViV TFP =g

! L1 T4
2 ’( a (

_\.-J( ‘BT L v U\/(( 'gry2 — q b

—/qC® — g/ (C® )2 — ¢?bCE( erT“I'-

The canonical LOOPS' 13 = p 18
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Quantum scalar field compatible with LQG

Scalar field defined on X_:
:: F[.J".‘]. ,".'[.f')ll = ;\-{.I’. )
The polymer variables compatible with LQG

Ny z(d) = exp(irg(x)), w(f) = / wf
b

The quantum *-algebra:

A unique Diff(Y) invariant state:
wl(a) = 0 unless a =1

He = Span(|A1, x1;...An,&n) : x; € X, A € R,n € (N))
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GR+scalar field: quantum solutions

® The diffeomorphism constraint:
There is in the LQG framework the well defined diff-averaging

1

’H..'- ’H,;-, :__ ‘l’:: — / l)?‘”::"]f[:r‘
J Diff

for & from suitable domain. It gives:
‘:I}“(gt‘ ‘prlcli”

® the scalar constraint:

—

® In(Hy — Hy)aig we define ¢t @*xé()hix) (in the physical
subspace )
# The general solution to the quantum scalar constraint is:

—

“l"(f 1'] — f !f:t.f'rﬂ(.r—’]fﬂ.J":" '

=0 = e ’Hp‘]',uli“"
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GR+scalar field: quantum solutions

® The diffeomorphism constraint:
There is in the LQG framework the well defined diff-averaging

=

’H..'- ’H,_-, :__ \l":. — / /)r‘”::"]f["lr‘
J Diff

for & from suitable domain. It gives:
(Hgr @ He )i

® the scalar constraint:

—

9 In ('ng IHr_"J ltll” we deflne ot | dPxd(x)h(x) (ln the physﬁcal
subspace )
# The general solution to the quantum scalar constraint is:

—

l[f(( J'l = f !f:{.f'rﬂ(.r—’]fﬂ.:' :" '

=0 = ¢ & ’H.L;r,uli”"
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GR+scalar field: all the sectors

Actually, we have to consider 1 operators:

—

P | d3xd(x)h++(x)

and the physical states of the 1 types:

—

et J d3xp(x)h 4y () 4/ & (’H”r ‘H,_‘,]Hliﬂr

4

The scalar product between the solutions is still that of (H,,,

o

An operator L in (Hy, -~ Hg)air defines a Dirac observable:
O(L)e" [(d?zp(x)hy s — vl d*xd(x)hy 4 (®) [ s
Those observables form an algebra
O(LYO(L) =

(suppose the operators /. are bounded).
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GR+scalar field: (=" =7

The operator we need is

e —

JEi [ ¢/ =vACT £ /G,/(CF)T=q?*CECY
What do we do with the terms ('*"? Assume the consistency with first
solving the constraint classicaly, gauge fixing and next quantising. In the
+— and —— case, the “first solve” case is the Rovelli-Smolin model. For
the consistency we need

—

=~ 18 I VorrTad s — T 2 __qabe Kl TR
‘Alfa,r\ —\_“r{( ' j’:\,r,\‘[f RY ) q f”fr’ "

This is equivalent to the ordering “C'%" to the right”, because ¢ is diff invari-
ant. For the other sectors we need to perform “ first solve next quantise” to

guess the consistent quantization.

The canoncal LOOPS'13
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GR+scalar field: all the sectors

Actually, we have to consider 1 operators:

—

p | if‘.rr,’:l.r‘]h! ()

and the physical states of the 1 types:

——

(i Prd@hes @y & (Hg & Hy)as

4

The scalar product between the solutions is still that of ('H,,,
An operator L in (Hy, ~ Hgy)aip defines a Dirac observable:

()[L}’fj‘f{“w” ; U = ,’Ilff;.f-'w'..'}fr.11.r1'[,;.
Those observables form an algebra
O(LYO(L") =

(suppose the operators /. are bounded).
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Gravity coupled to a potentialless scalar field

A. I - gravitational dof, o. 7 - a real scalar field
The scalar constraint can be solved:

m(x) = h(A(x). E(x)), where

for non-rotating dust
h(z) = C9"(x)

for massless scalar field

Vo Vav/ (C¥) — ¢ aby .H(L,.
\,‘.’J\( (C 'lﬂ']‘_’ = ',{ui';( rrl_:r( IL‘“

ab 'S 1T

VIV (CF)4 = g*°Ce C

ff”"( r'_‘.;',l'( er:‘I'-

JaV(Cm)T =

-Smolin 19¢

Kuchar-Roman Rovell

emann 2006. Domaaata. Gilesel )¢ :
- =1 Tar | ( .,\u‘).". ]"H[“j\‘“| il-'_'

The canonical LOQO

PS'13 - p 18
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GR+scalar field: all the sectors

Actually, we have to consider 1 operators:

—

F | dexd(x h++(x)

and the physical states of the 1 types:

—

¢i ] Pao@hes @)y € (Hge @ Hy)ain

4

The scalar product between the solutions is still that of (H,,,
An operator L in (Hy, =~ Hy)air defines a Dirac observable:

(.)[L}Ffjd’-;w.u;;} : ly rff,f;.;,l-‘-.,l}}ﬁ:‘l.ﬁ':'[*{l
Those observables form an algebra
O(LYO(L) =

(suppose the operators /. are bounded).
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GR+scalar field: all the sectors

Actually, we have to consider 1 operators:

e —

p | d3xd(x)h++(x)

and the physical states of the 1 types:

—

| d3xe(x)h 44 (z) 4y = (’H”r ‘H,_‘,]"liﬂ'

4

The scalar product between the solutions is still that of (H,,,
An operator L in (Hy, -~ Hy)air defines a Dirac observable:

()[ L}F i [(dPxrp(x)ha p(2)), — o [(d*zd(x)h 4 4 l.r‘)L{l
Those observables form an algebra
O{LYO(L') =

(suppose the operators /. are bounded).
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GR+scalar field: (=" =7

The operator we need is

e —

+i [ ¢\/ —ACF £ /G,/(CF)I=¢q**CF

T

[
(h

(

What do we do with the terms ('%"? Assume the consistency with first
solving the constraint classicaly, gauge fixing and next quantising. In the
+— and —— case, the “first solve” case is the Rovelli-Smolin model. For
the consistency we need

—

<4 ; YrTal — gr\2 _ qabg &N ORI
‘Alfi,!\ —\_gf{‘ A fo\‘[{ &) q {u(r, K

This is equivalent to the ordering “C'%" to the right”, because ¢ is diff invari-
ant. For the other sectors we need to perform “ first solve next quantise” to

guess the consistent quantization.

The canonical LOOPS'13
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GR+scalar field: (=" =7

The operator we need is

e —

+i [ ,.-.\.' sl V»",;( |ro4 \._/J V (C7ET)2 'I"h( T

T

[
(f.

(

What do we do with the terms ('*"? Assume the consistency with first
solving the constraint classicaly, gauge fixing and next quantising. In the
+— and —— case, the “first solve” case is the Rovelli-Smolin model. For
the consistency we need

—

-l L VorTad's — T 2 _pqabr Kl &
‘Alfilr\ —\_“r{f I j’:vri\ (€ BT ) o f“f,’ .

This is equivalent to the ordering “C'%" to the right”, because ¢ is diff invari-
ant. For the other sectors we need to perform “ first solve next quantise” to

guess the consistent quantization.

The canonical LOOPS'13 = p 22
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What diff invariant observables [.?

Observables can be constructed by quantising diffeo invariant kinematical
observables L(A. E). In LQG there are available quantum operators of:

9

L 1< LN e ' o - 1 R 1 ST ab — > = 3)
" f/ W 4 \ flf. ’ I{ ' 7 | EJ (! .IW +I‘F-"”.f:"f‘ \fl 'I \.f{]|j| p

Can we do better? See Jedrze] Swierzewski's talk. Just briefly:
Suppose there is an observer at a fixed .- € X.; the observer has his
sphere of directions parametrised by angles . .

For every (A. E.¢. m) use the geodesics of the corresponding ¢, to
introduce in a neighborhoud of .ry in ¥ coordinates s' = r. 0.

r(x) = distance(.r,xg). 6(r), el e

Using the coordinates (s')( L) define for example:

Q% (r. 0. p) = ;,””n!,,n.,,;j.;-u-. 8, p))

etc. Q" (r.0, ) is invariant with respect to the diffeomorphisms preserving
the observer: ., and it's sphere of directions. We can take it for L:
L=Q48(1.0,y).
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Closing remarks

advantage of the massless scalar field against the Husain-Pawlowski
scalar field

Is the conclusion of the AQG correct?

The relational observables: innocent mistakes in the literature, read
Dapor, Kaminski, L, Swiezewski 2103

[C'(N).C'(M)] see Madhavan'’s talk
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